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Abstract 


Hybrid renewable energy systems (HRES) are becoming popular for remote area power generation 
applications due to advances in renewable energy technologies and subsequent rise in prices of 
petroleum products. Economic aspects of these technologies are sufficiently promising to include 
them in developing power generation capacity for developing countries. Research and development 
efforts in solar, wind, and other renewable energy technologies are required to continue for, 
improving their performance, establishing techniques for accurately predicting their output and 
reliably integrating them with other conventional generating sources. The paper describes 
methodologies to model HRES components, HRES designs and their evaluation. The trends in 
HRES design show that the hybrid PV/wind energy systems are becoming gaining popular. The 
issues related to penetration of these energy systems in the present distribution network are 
highlighted. 
© 2006 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Solar and wind energy are non-depletable, site-dependent, non-polluting, and potential 
sources of alternative energy. Utilization of solar and wind power has become increasingly 
significant, attractive and cost-effective, since the oil crises of early 1970s [1]. However, 
common drawback with solar and wind energy is their unpredictable nature. Standalone 
photovoltaics (PV) or wind energy system, do not produce usable energy for considerable 
portion of time during the year. This is mainly due to dependence on sunshine hours, 
which are variable, in the former case and on relatively high cut-in wind speeds, which 
range from 3.5 to 4.5 m/s, in the latter case resulting in under utilization of capacity [2]. In 
general, the variations of solar and wind energy do not match with the time distribution of 
demand. The independent use of both the systems results in considerable over-sizing for 
system reliability, which in turn makes the design costly [1]. The initial cost of solar or wind 
energy system is higher than diesel engine generator of comparable size but the operating 
and maintenance costs are always lower than that for the diesel engine generator. As the 
advantages of solar and wind energy systems became widely known, system designers have 
started looking for their integration. The term hybrid renewable energy system (HRES) is 
used to describe any energy system with more than one type of generator usually 
a conventional generator powered by diesel, and a renewable energy source such as 
PV, wind, and PV/wind. For remote areas, HRES are often the most cost-effective and 
reliable way to produce power. However, solar and wind energy into a HRES can 
attenuate fluctuations in power produced, thereby significantly reducing energy storage 
requirements [1,3]. 

Over the last decade, HRES have become viable alternatives for power production 
because they allow designer to capitalize on the strengths of both conventional and 
renewable energy sources. The HRES invariably includes battery storage to meet the 
demand when either the demand is peak load demand or renewable energy source is not 
available. Battery storage also smoothen the mismatch between time of occurrence of peak 
load and maximum power generated. 

The HRES design is mainly dependent on the performance of an individual system. In 
order to predict performance, individual components should be modeled first and then 
their mix can be evaluated to meet the demand reliably. If the power output prediction 
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from these individual components is accurate enough then the resultant combination will 
deliver power at the least cost. This approach is adopted by researchers. The present paper 
aims at reviewing the current state of HRES modeling with particular reference to solar 
and wind energy. Methodologies generally adopted for modeling system component are 
described. This is followed by review of work reported by several authors. The paper also 
discusses need of future consideration in the design of HRES. 


2. Modeling of hybrid renewable energy system components 


Various modeling techniques are developed by researchers to model components of 
HRES. Performance of individual component is either modeled by deterministic or 
probabilistic approaches [4]. General methodology for modeling HRES components like 
PV, wind, diesel generator, and battery is described below: 


2.1. Modeling of photovoltaic system 


The input energy to PV system is solar radiation and total solar radiation on an inclined 
surface is estimated as 


Ir = 1p Ro + IaRa + Uo + La) Rr, (1) 


where M and Jy are direct normal and diffuse solar radiations, Rg and R, are the tilt factors 
for the diffuse and reflected part of the solar radiations [5]. 

The total solar radiation thus estimated depends on position of sun in the sky, which 
varies from month to month. Hourly power output from PV system with an area Apv (m7) 
on an average day of jth month, when total solar radiation of Ir (kW h/m”) is incident on 
PV surface, is given by [6] 


Py = IqjnApy., (2) 
where system efficiency 7 is given by [7] 

N = Nmpc Pt (3) 
and, the module efficiency nm is given by 

Nm = Mill — Be — Tr), (4) 


where n, is the module reference efficiency, npc is the power conditioning efficiency, Pr is the 
packing factor, p is the array efficiency temperature coefficient, T, is the reference 
temperature for the cell efficiency and T, is the monthly average cell temperature [8] and 
can be calculated as follows: 


AT 


en eae 


Ir, (5) 
where T, is the instantaneous ambient temperature, U;,/at = It. Noct/(NOCT— TaNoct), 
and NOCT is normal operating cell temperature, Ta Nocr = 20°C and Ir noct = 800 W/ 
m’, for a wind speed of 1 m/s. 
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2.2. Modeling of wind energy system 


Power output of wind turbine generator at a specific site depends on wind speed at hub 
height and speed characteristics of the turbine. Wind speed at hub height can be calculated 
by using power-law equation [9]: 


Z x 
oe Z| 6 


where V, and V; are the wind speed at hub and reference height Z and Z;, and x is power- 
law exponent. 

Fig. 1 shows typical wind turbine characteristics. Power output Py (kW/m?) from wind 
turbine generator can be calculated as follows [10]: 


Py =0, V<Vai, 

Py =aV? =P, Ve<V<l 

Py- =Po V< V< Veo, 0) 
Py, =0, V>Vess 


where a = P,/(V3 — vÈ), b= vÈ /( y? — V3), P, is the rated power, Vei, Veo and V, are the 
cut-in, cut-out and rated speed of the wind turbine. 
Actual power available from wind turbine is given by [10] 


P = PyAwyn, (8) 


where Aw is the total swept area, ņ is efficiency of wind turbine generator and 
corresponding converters. 
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Fig. 1. Wind turbine characteristics. 
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2.3. Modeling of diesel generator 


If the load requirements are not met by either renewable energy system or by batteries 
(due to state of charge) then load requirements are met by operating diesel generator in 
HRES. The choice of diesel generator depends on type and nature of the load. To 
determine rated capacity of the engine generator to be installed, following two cases should 
be considered [3]: 


1. If the diesel generator is directly connected to load, then the rated capacity of the 
generator must be at least equal to the maximum load, and 

2. If the diesel generator is used as a battery charger, then the current produced by the 
generator should not be greater than Ca,/5 A, where Can is the ampere hour capacity of 
the battery. 


Overall efficiency of diesel generator is given by [11] 


Noverall = brake thermal * N generator» (9) 


where Mprake thermal 1S brake thermal efficiency of diesel engine. Normally, diesel generators 
are modeled in the control of the hybrid power system in order to achieve required 
autonomy. It is observed that if the generator is operated at 70-90% of full load then it is 
economical [12]. In the absence of peak demand, diesel generators are normally used for 
meeting load requirements and for battery charging. 


2.4. Modeling of battery system 


Battery storage is sized to meet the load demand during non-availability period of 
renewable energy source, commonly referred to as days of autonomy. Normally days of 
autonomy is taken to be 2 or 3 days. Battery sizing depends on factors such as maximum 
depth of discharge, temperature correction, rated battery capacity and battery life. 
Required battery capacity in ampere hour is given by [13] 


EyanDs 
Bre = TMn” à? 
(DOD) max 


where Ean) is the load in ampere hour, D, is the battery autonomy or storage days, 
DOD max is the maximum battery depth of discharge, 7, is the temperature correction factor. 

Difference between power generated and load, decides whether battery is in charging or 
discharging state. The charge quantity of battery bank at the time f can be calculated by [14] 


Ex (0) = Ex(t = DA T o) + (Eca(0) = E1()/Ninv) Moattery> (11) 


where Eg(t) and Eg(t—1) are the charge quantities of battery bank at the time ¢ and t—/1, ø is 
the hourly self-discharge rate, Ega(t) is the total energy generated by renewable energy 
source after energy loss in controller, E(t) is load demand at the time ż, inv and Npattery are 
the efficiency of inverter and charge efficiency of battery bank. 

Charge quantity of battery bank is subject to the following constraints: 


EB nin S EB (£) S EB, n> (12) 


(10) 


min 


where Ega, and Eg„„ are the maximum and minimum charge quantity of battery bank. 


min 
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3. Criteria for hybrid renewable energy systems selection 


Various researchers have evaluated HRES using different methods such as energy to 
load ratio, battery to load ratio, and non-availability of energy. In order to select an 
optimal combination of a HRES to meet the demand, evaluation may be carried on the 
basis of reliability and economics of power supply. Reliability of the system is expressed in 
terms of LOLP or autonomy and net present value. The commonly used methodologies for 
evaluation of HRES as follows: 


3.1. Loss of load probability 


The LOLP is given by the following [58]: 


” hours (Iguppiy(t) <I needed (t 
Lorp = S=1hours( = aea(O) (13) 


where 


L(t) — Pw(t) — Ppv(t) ‘ 


Vi (Ibattery(4)) > ( 14) 


I needea(t) = 


At At ve 


A ( RE 0.2SOC l SOC(t)o — oe, 
and Incedea(t) is the current required for the load at hour f, Jguppiy(¢) is the current supplied 
by HRES at hour ¢, n is number of samples. Vz is the nominal voltage needed by the 
system, L(t) is the electrical load requirements at hour t, Pw(f) is the power generated by 
the wind turbine at hour t, Ppy(f) is the power generated by PV modules at hour t. 

It is observed that this type of analysis helps system designer to find out LOLP for 


HRES. If LOLP is low then it results in high cost of the system and vice versa. 


3.2. Cost analysis 


Life cycle cost (LCC), have been used to decide economic feasibility of the system. The 
system with lowest LCC is always preferred. LCC is either calculated with or without 
accounting depreciation of the system by following [17]: 


t 
C, 
PV = ; 16 
>, d+i' oe 
PVp = (C + ™M)py + (C oF MU wind + (C J ™M)pattery + (C + Mdiesel B D, (17) 


where PV and PVp are the present value of the system without and with depreciation, t is 
the time of analysis, 7 is the interest rate per year, C, is the cost in year t, m is the 
maintenance cost of the system, and D is the present value of depreciation. 

Several researchers have extensively used cost of electricity generated as a deciding term 
to evaluate HRES configuration, at the predefined LOLP. The cost per kWh has been 
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found useful for the evaluation of HRES. Cost of Electricity per kWh is given by 


EE Cactual 
a a r (18) 


where Cactuai is the annualized cost, and electricity is the annual average generation. 
4. Review of hybrid renewable energy system modeling 


Several HRES configurations such as PV—battery, PV—diesel, wind—battery, wind-diesel, 
PV-—wind-battery, and PV—wind-diesel-battery are shown to be commercially viable. 
Current status of HRES modeling utilizing solar and wind energy is discussed as follows: 


4.1. Hybrid photovoltaic system 


Hybrid PV systems are best suited to reduce dependence on fossil fuel by using available 
solar radiations. Hybrid PV system includes PV generator, diesel generator and/or battery 
system. Battery storage increases the flexibility of system control and adds to overall 
system availability. These energy systems have good prospects and many opportunities in 
hot climates [15,16]. These energy systems are termed as one of the cost effective solutions 
to meet energy requirements of remote areas. Economic viability of hybrid PV system for 
decentralized power generation carried out and proved its usefulness for small villages with 
up to 100 families [17]. 

Various models including probabilistic or deterministic approaches have been developed 
to assess the performance of hybrid PV system and to find optimal mix of PV with diesel. 
The energy system modeled includes both, the system with battery storage and system 
without battery storage. Modeling battery storage system with respect to the state of 
charge, optimal size of hybrid PV system can also be obtained [18]. El-Hefnawi [12] used a 
mathematical technique to calculate minimum number of storage days and minimum PV 
array area for hybrid PV system. Shrestha and Goel [19] demonstrated a method to find 
optimal combination of PV array size and battery to meet the refrigeration load, by using 
statistical models for both solar radiation and the load. 

PV battery hybrid system can also be modeled by an iterative optimization technique 
[20]. In iterative optimization technique, optimal mix can be decided on the basis of cost of 
electricity generated. Cost of electricity generation can also be justified on the basis of 
extension from the nearest power line. The tilt and azimuth angle for optimum 
performance of PV system are dependent on the geographical location, i.e. latitude, 
longitude and season. Bhuiyan and Asgar [13] optimized PV battery system for Dhaka, 
Bangladesh with respect to power output for different tilt and azimuth angle for optimum 
performance of hybrid PV system. 

Performance of hybrid PV system is evaluated on the basis of reliability of power supply 
under widely varying conditions. Reliability is expressed in terms of loss of power supply 
probability (LOLP) [21]. Egido and Lorenzo [22] reviewed methods for computing 
capacity of PV arrays and battery storage and suggested analytical model based on LOLP. 
Notton et al. [3] presented mathematical model for sizing hybrid PV system on the basis of 
LOLP. The authors have highlighted that optimal solution can be obtained if PV 
contributes for 75% of the energy requirements. Cost of electricity generated from hybrid 
PV system is also one of the decision-making parameters. Marwali et al. [23] developed a 
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methodology for calculating production cost of hybrid PV battery system in which the size 
of PV system is calculated on the basis of electrical requirements not met. 

Wichert [24] reviewed practices of PV—diesel system operation. Author has highlighted 
need for maintenance free energy storage system, fully automatic energy management 
system, and reliability of power conditioning devices to increase the competitiveness of 
these systems. 


4.2. Hybrid wind energy system 


In order to use hybrid wind energy system effectively and economically, chosen site 
should have good potential of wind energy [25]. Moreover, technical feasibility and 
economic viability studies are to be carried out, in addition to capacity meeting of the 
demands [26-30]. In order to predict the performance of wind turbine generator, 
forecasting models based on regression analysis, Monte-Carlo simulation technique, and 
neural network were reported by the researches [31-33]. Capacity factor of wind turbine is 
also one of the deciding parameters to choose a particular type of wind turbine at the 
selected site, as an essential component of hybrid wind system [34]. Optimal site planning 
for wind turbine installation also plays an important role in wind power production 
[35,36]. Hybrid wind energy system control studies are also been reported in literature 
[37-39]. 

Celik [40] developed simplified method for estimating the monthly system performance 
of wind energy systems. The method requires Weibull wind speed distribution parameters 
on a monthly basis, the energy to load ratio and battery to load ratio and some model 
parameters as input. The model results in monthly autonomy of the system. The approach 
has been found useful for estimating the performance of the system in absence of hourly 
wind data. 

Battery backup in hybrid wind energy system increases its availability. Elhadidy and 
Shaahid [1] calculated optimum battery storage size for hybrid wind energy system by 
studying an impact of variation of battery storage capacity on hybrid power generation. 
Trade off between size of the storage capacity and diesel power required for the load 
assuming a constant wind power output was reported by the authors. Hybrid wind systems 
are also evaluated on the basis of LOLP [42]. For a given LOLP, optimal mix of wind, 
battery and diesel power can be obtained. Penetration potential of wind energy system on a 
network basis are also reported [43,44]. 


4.3. Hybrid photovoltaic/wind energy system 


Standalone commercial PV or wind, do not produce usable energy for considerable 
portion of time during the year. Combination of PV and wind in a hybrid energy system 
reduces the battery bank and diesel requirements. Feasibility of hybrid PV/wind energy 
system strongly depends on solar radiation and wind energy potential available at the site. 
Various feasibility and performance studies are reported to evaluate option of hybrid PV/ 
wind energy systems [2,45—48]. PVs array area, number of wind machines, and battery 
storage capacity play an important role in operation of hybrid PV/wind-diesel system while 
satisfying load [1]. Nehrir et al. [63] presented computer-modeling approach for evaluating 
the general performance of hybrid PV/wind energy system. Celik [62] proposed a technique 
to evaluate performance of hybrid PV/wind energy system using synthetically generated 
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weather data. Kolhe et al. [8] elaborately discussed the analytical model for predicting the 
performance of hybrid PV/wind energy system with hydrogen energy storage for long-term 
utilization. 

Optimum size of hybrid PV/wind energy system can be calculated on an hourly basis [14] 
or on the basis of daily average power per month, the day of minimum PV power per 
month, and the day of minimum wind power per month [49]. Ai et al. [14] presented 
method for optimum size of hybrid PV/wind energy system. Performance of hybrid PV/ 
wind energy system was compared on hourly basis; by fixing the capacity of wind 
generators, yearly LOLP with different capacity of PV array and battery bank were 
calculated. Trade off curve between battery bank and PV array capacity for given LOLP 
helps to find optimum configuration at least cost. 

Various optimization techniques such as linear programming [20,51], probabilistic 
approach [4,52], iterative technique [20] dynamic programming [53], multi-objective [54] 
were used by researchers to design hybrid PV/wind energy system in a most cost effective 
way. In order to calculate reliability/cost implications of hybrid PV/wind energy system in 
small isolated power systems Karki and Billinton [44] presented a Monte-Carlo simulation 
approach. Samarakou et al. [56] compared results of two optimization techniques based on 
simplex and other algorithm for hybrid PV/wind energy system. 

Al-Ashwal and Moghram [57] presented a method for assessment on the basis of LOLP 
to decide an optimal proportion of PV and wind generator capacities in hybrid PV/wind 
energy system; optimal system combination was selected on the basis of capital cost and 
annual autonomy level. Autonomy level of the system is defined in terms of LOLP and is 
been used to find system configuration [58,59]. Protogeropoulos et al. [60] developed 
general methodology by considering design factor such as autonomy, for sizing and 
optimization. The authors also calculated battery size requirements to achieve desired level 
of autonomy by using system performance simulation model. It is observed that for 
achieving high autonomy, a backup generator is required and in turn reduces battery 
storage capacity. Hennet and Samarakou [61] discussed approach to optimize hybrid PV/ 
wind/battery system with conventional power plant and calculated optimal system 
configuration on the basis of LCC. 

The monthly combinations of solar and wind resources lead to solar biased month, wind 
biased month and months with even solar and wind resource. Total system cost and the 
unit cost electricity generated for a lifetime of system may be analyzed with respect to the 
yearly system performance. Celik [62] presented techno-economic analysis based on solar 
and wind biased months for autonomous hybrid PV/wind energy system. Author has 
observed that an optimum combination of the hybrid PV/wind energy system provides 
higher system performance than either of the single system, for the same system cost and 
battery storage capacity. It was also observed that the magnitude of the battery storage 
capacity has important bearing on the system performance of single PVs and wind energy 
system. 

Chedid and Rahman [50] presented controller design that monitors the operation of the 
autonomous or grid connected system. The controller determines the energy available from 
each of the system components and environmental credit of the system. The model 
developed can give production cost, unmet and spilled energies, and battery charged and 
discharged losses. 

Decision support model for hybrid PV/wind energy system was discussed by Chedid 
et al. [10] based on political, social, technical, and economical issues. The authors have 
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quantified various divergencies of opinions, practices, events that lead to confusion and 
uncertainty in planning hybrid PV/wind energy system using analytical hierarchical 
method. Finally, the authors used trade-off risk method for generating multiple plans and 
obtained its trade-off curves to segregate robust and inferior plans based on their frequent 
occurrence in conditional decision set. Risk analysis was also performed to assign 
alternative options in case risky feature occurs. 

Hybrid PV/wind energy systems are also designed not only for meeting electricity 
requirements but also for meeting fresh water requirements through desalination [65]. 
Sontag and Lange [66] made an attempt towards improving the prospects for utilizing 
renewable energies in combination with energy supply system, for the power and heating 
requirements of a residential complex. 

Above discussed studies reveals that hybrid PV/wind energy system are proving to be 
very promising worldwide. In view of system costs, contribution of PV is small as 
compared to the share of wind. It is observed that PV to wind power ratio in hybrid PV/ 
wind energy system in order to have least cost is 70% [7]. 


5. Trends in hybrid renewable energy system modeling 


The classification of published literature is presented herewith a view to highlight trends 
in HRES modeling (Tables 1 and 2). Literature review reveals that over the last decades, 
HRES applications are growing rapidly and HRES technology has proven its 
competitiveness for remote area applications. Table 2 represents studies reported on 
various aspects of HRES like design/economics, control, and utility interactive. It is 
observed that approximately 90% of studies reported are on design/economic aspects of 
HRES. However, fewer studies were reported on control of HRES. Utility interactive 
HRES has yet not gained the popularity. 

It is expected that within the next few years HRES becomes competitive with utility grid 
power for wide spread distributed applications. Hence, there is a need to investigate 
potential and performance of PV and wind energy system to calculate level of penetration 
in existing networks of developed or developing countries in order to improve quality of 
power supply [67,68]. It is also observed that PV and wind electricity can be introduced 
into the network, either by a centralized or by a distributed system. In a distributed system, 
power is produced at or close to the point of use. Distributed energy systems avoid the 


Table 1 
Hybrid power system configuration by year of publication 


Year of publication Upto 1995 Beyond 1995 Number of 
publications 

Hybrid PV energy [21] [3,12,13,15-20,23,67,85] 13 

systems 

Hybrid wind energy [30,42] [20,26,29,37,39—41,43,44,86] 12 

systems 

Hybrid PV/wind [49,53,54,56,61,87] [1,2,4,7,8,10,14,45—48,50,52,55,57—60,62—65,88] 30 


energy systems 


Total 9 46 


Numbers in square brackets refer to reference numbers. 
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Table 2 

Classification of studies reported on hybrid renewable energy systems 

Year of publication Design/economics Control Utility Number of 
interactive publications 

PV and hybrid PV energy systems (3,12,13,15—21,23,85] [67] 13 

Wind and hybrid wind energy systems [20,25—37,39-42,86] [37,39] [43,44] 23 

Hybrid PV/wind energy systems 

[1,2,4,7,8,10,14,20,45,46,48-66,87] [50,88] [47] 33 

Total 61 04 04 


Numbers in square brackets refer to reference numbers. 


costs and losses of transmission and distribution. Therefore, there is need to identify 
locations for installing PV and wind energy systems and their interconnections with the 
utility grid, in order to minimize the cost of electricity without disturbing the existing 
network. 

Economic value of the power produced, given the plant location and its trend of power 
production is defined as power value of the system. Power value is affected by the distance 
between the power station and the load and by the match/mismatch conditions of the 
production with the trends of the load. The power value varies instant by instant 
depending on the present level of power production and surrounding load conditions. The 
power value of HRES in the grid takes into account the reduction of energy production 
costs (savings in fuel consumption, operation and maintenance cost, etc.), the 
transportation costs and, in some cases, the risk reduction as regards the possible 
situations of scarcity in given periods (peak hours). However, the power value of HRES 
may be increased by the following distributed benefits in terms of reduction of Joule losses, 
improvement in quality of service in peak hours (voltage stability, improvement in 
continuity of service in peak hours, deferral and/or reduction of investment to upgrade the 
power distribution network, reduction of additional generation capacity, and reduction of 
environmental impacts. 

In order to increase share of renewable energy sources in power generation capacity of 
the country, there is need to integrate PV or wind in the conventional network system. The 
main obstacle to grid-connected PV or wind is presented by the limitations of the power 
distribution networks. Instantaneous power production from PV or wind often exceeds the 
instantaneous power consumption of the network, with a high concentration. In many 
cases, the imbalance in power creates a net power flow backwards through the medium/ 
low-voltage transformers. However, this problem can be overcome by accurately 
predicting the levels of PV penetration in the network. 

A classification of published literature before 1995 and beyond 1995 is also presented in 
Table 1. Reviewed literature reports studies on hybrid PV/wind energy system (56%), 
followed by Hybrid PV energy systems (23%), and Hybrid Wind energy system (21%). 
Other possible hybrid combinations inclusive of hydro [69], biomass [70-72], fuel cell 
[73-75], municipal waste [72,76], and combined heat and power [77,78] are still in 
development and research phase only. In the era of environment concern, reevaluation of 
HRES can be done from point of view of CO, taxation [79]. Technological advances 
include power quality monitoring and stability [80,81]; reliability evaluation [82], decision 
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support technique [10,83], and advances in control technology [38,39,51,84] have to be 
considered for future design and modeling. 


7. Conclusions 


Published literature on hybrid renewable energy systems (HRES) modeling indicates its 
popularity in terms of meeting specific energy demands. HRESs are mainly recognized for 
remote area power applications and are now a days cost-effective where extension of grid 
supply is expensive. Although, the cost and technological development of HRES in recent 
years has been encouraging, they remain an expensive source of power. HRES provides 
prospects of incorporating in power generation capacity to improve power quality, due to 
the dispersed generation. This integration results in increasing power value of conventional 
generation and also provides market for penetration of renewable energy systems. In order 
to introduce HRES in existing power supply network, in depth study is to be carried out to 
check feasibility and technical competitiveness. Penetration levels on network basis, is the 
future of hybrid power system in power generation capacity of the country, as outlined in 
this paper. Paper also, present future development, which will allow a further expansion of 
markets, both in developed and developing countries. 
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